Background and Objective
Introduction

Patient selection and cohort definition
This is a single-hospital retrospective cohort study. Data were extracted for patients who were concomitantly administered one of the four target statins (simvastatin, atorvastatin, pravastatin, or rosuvastatin) and warfarin (Fig 1) . Among the patients who were exposed to statins and warfarin, we included patients for whom each prescription was administered for over 30 days of the first co-administration period and the proportion of days covered, calculated as the prescription supply (days)/duration of continuous administration, was >80%. Patients were excluded for the following reasons: lack of continuous statin administration lasting 30 days or history of GI bleeding during the year prior to the first co-administration. Overview of the study design to compare the gastrointestinal bleeding risk between 1 of 4 statins concomitantly administered with warfarin. All patients who were administered warfarin or a statin between January 1996 and August 2013 in a Korean university hospital were enrolled. Patients were divided into four groups based on the prescribed statin. Within-class comparisons were conducted after 1:1 propensity score (PS) matching. *The propensity scores were calculated using age; sex; Charlson comorbidity index; antithrombotic, nonsteroidal anti-inflammatory drug, steroid, or fibrate use for >30 days during the observation period; underlying liver cirrhosis; and underlying coagulation disorders. GI, gastrointestinal; PDC, proportion of days covered.
The included patients were divided into four groups based on the statin type. The observation period (maximum, 2 years) was defined as the period that included continuous administration of both warfarin and statin and started on the first day of co-administration (Fig 2) . The observation period ceased when medication was continued for >30 days and if GI bleeding occurred. Only the first co-administration period was included (incident user design). We did not include periods after switching from one statin to another or a >30-day lapse in administration of any drug.
GI bleeding was identified in 3 steps. First, records were searched for corresponding International Classification of Diseases, 10th Revision codes, such as bleeding in the esophagus, stomach, or duodenum (subdivisions .0-.6 of K25-K28, K29.0, K62.5, K92.0-2, and I85.0). Second, GI bleeding was identified using institutional codes for positive stool occult blood. Third, GI bleeding was identified using other institutional codes such as control of endoscopic bleeding in the upper or lower GI tract.
The following information was collected for the observation period: demographic characteristics (age and sex); age-adjusted Charlson Comorbidity Index (CCI); proportion of time spent in the therapeutic range (international normalized ratio [INR] 2-3), as calculated using the Rosendaal method [24] ; and >30-day exposure to other antiplatelets, non-steroidal antiinflammatory drugs (NSAIDs), steroids, or fibrate. The age-adjusted CCI is a weighted index of comorbidity based on age and the presence of diverse medical conditions including myocardial infarction and cerebrovascular disease. Diagnostic codes for liver cirrhosis (K70-K77) or coagulation disorders (D65-D69) before the observation period were collected. To compare serologic test results among the statin groups, the following information was also collected from 90 days before the observation period to the start of the observation period, as the baseline values, and during the observation period, as the follow-up values: total cholesterol, high- 
Statistical analysis
Categorical and continuous variables were compared among the groups using Chi-squared tests and analysis of variance (ANOVA), respectively. To evaluate the risk of co-administration of different statins and warfarin on GI bleeding, within-class comparisons were conducted; the data for each statin group were compared with combined data for the other groups (Fig 1) . To reduce the selection bias in these comparisons, we performed 1:1 matching using a propensity score that was derived from age; sex; CCI; antiplatelet, NSAID, steroid, or fibrate use for >30 days during the observation period; underlying liver cirrhosis; and underlying coagulation disorders. Kaplan-Meier analyses with log-rank tests for GI bleeding-free survival rate and Cox proportional hazard regression analyses were also conducted. The Cox proportional hazard regression analyses were adjusted for age, sex, CCI, proportion of time spent within the therapeutic range, temporal order of warfarin and statin prescription (e.g., warfarin prescription prior to statin prescription), and use of antiplatelets, NSAIDs, or steroids for >30 days during the observation period. Statistical significance was defined as p < 0.05. This study is reported following the STROBE statement (S1 File).
Software tools
We used Eclipse 3.7.1 tools (IBM, Riverton, NJ) for JAVA programming and MS-SQL 2010 (Microsoft, Redmond, WA) as the database management system. The R package (R Development Core Team, Vienna, Austria) and PASW Statistic 18 (SPSS Inc., Chicago, IL) were used for statistical analyses.
Results
Characteristics of the overall population
We identified 1,686 patients who were concomitantly administered a statin with warfarin for 30 days, resulting in 287 patients who were administered pravastatin, 317 patients who were administered simvastatin, 716 patients who were administered atorvastatin, and 366 patients who were administered rosuvastatin (Table 1) . Before matching, patients in the atorvastatin group were slightly older and had a higher CCI, and concomitant antiplatelets were prescribed more frequently in the simvastatin and rosuvastatin groups. The baseline serologic test results did not differ among the groups, except for triglyceride levels, which was higher in the simvastatin group.
During the observation period, the proportion of time spent within the therapeutic range of warfarin did not differ among the groups: pravastatin, 0.45 ± 0.34; simvastatin, 0.42 ± 0.35; atorvastatin, 0.43 ± 0.34; and rosuvastatin, 0.47 ± 0.34 (p = 0.217). Mean total cholesterol levels during the observation period were 167 ± 44 (rosuvastatin), 155 ± 36 (atorvastatin), 145 ± 35 (simvastatin), and 139 ± 37 mg/dL (pravastatin) (p < 0.001). Low-density cholesterol (p < 0.001) and triglyceride (p < 0.001) levels showed a similar pattern as that of total cholesterol levels. There was no significant difference in high-density cholesterol levels among the groups (p = 0.322).
GI bleeding risks in a 1:1 matched population
The incidence of GI bleeding is listed in the Table 2 . After matching each group with a comparator, the Kaplan Meier curves for GI bleeding-free survival rate and log-rank tests resulted in a significantly lower risk of GI bleeding in the pravastatin group (p = 0.0499) and a significantly higher risk of GI bleeding in the rosuvastatin group (p = 0.009) (Fig 3) . At the time of the GI bleeding event, the mean doses of pravastatin, simvastatin, atorvastatin, and rosuvastatin were 20 mg, 23 mg, 14 mg, and 17 mg, respectively. In the Cox proportional hazard regression analysis for GI bleeding (Table 3) , the hazard ratio (HR) for rosuvastatin was significant (5.039; 95% confidence interval [CI], 1.091-23.268). With the other statins, only the statin index for pravastatin tended to decrease the risk of GI bleeding (1.280; 95% CI, 1.038-1.578). In these regression models, the order of warfarin and statin prescription neither affected the risk of GI bleeding with each statin nor had an independent effect on the risk of GI bleeding.
Discussion
In the current study that aimed to determine the risk of GI bleeding with the combined use of a statin and warfarin, the risk of GI bleeding differed based on the statin. There was an increased risk of GI bleeding with rosuvastatin, while pravastatin tended to reduce the risk.
Statins represent some of the most widely prescribed medications owing to their pleiotropic effects and clinical efficacy [25] , and treatment with statins has been associated with a reduced incidence of coronary artery disease and stroke [26, 27] . Warfarin is used to prevent embolic events in the vascular system [1] [2] [3] [4] . The concomitant use of warfarin and statins is indicated for ischemic congestive heart failure, with prescription of a statin for coronary artery occlusive disease and warfarin for prevention of a stroke from a cardioembolism [28, 29] ; peripheral artery disease [30, 31] ; and previously used method of prevention for symptomatic intracranial atherosclerotic disease [32, 33] . Rosuvastatin was associated with an increased risk of GI bleeding compared with propensity score-matched controls in the present study. To the best of our knowledge, there have been no reports of a relationship between rosuvastatin and GI bleeding; however, we suspect that low cholesterol levels might underlie the relationship observed in the present study. Among the 4 statins in the present study, the incidence of GI bleeding was the highest in patients taking rosuvastatin, followed by atorvastatin, simvastatin, and pravastatin; however, the mean cholesterol level during the observation period was the lowest in the rosuvastatin group, followed by the atorvastatin, simvastatin, and pravastatin groups. These findings are similar with those of a previous study in which digestive mortality increased as the total cholesterol level decreased [34] . In this same study, low cholesterol levels in the cerebral arterioles were also related with intracerebral hemorrhages [34] , and the occurrence of intracerebral hemorrhages reportedly increased with a decrease in total cholesterol levels [35] . Cholesterol is a key component of cellular membranes, and low cholesterol levels might weaken the cellular structure [36] of GI mucosal cells, resulting in a higher incidence of GI bleeding.
On the other hand, because the incidence of GI bleeding began to differ in the early observation period, a potential drug interaction cannot be ignored, despite the controversy that exists regarding a drug interaction between rosuvastatin and warfarin [37] [38] [39] . In young healthy subjects, a drug interaction is unlikely [39] . Nonetheless, in a large randomized study of rosuvastatin, INR dramatically increased after administration of rosuvastatin in a case who had continuously taken warfarin [37] . The exact mechanism of drug interactions between warfarin and rosuvastatin is unclear because metabolism via the cytochrome P450 enzyme, 2C9, is known to be minor [40] . Because the antithrombotic effect of warfarin might increase with administration of rosuvastatin [11] , close monitoring of INR is recommended. A previous review article indicated that rosuvastatin might have a greater effect on INR than other statins [40] , which is supported by the present results.
Interactions between warfarin and many drugs and some foods [41] , which occur via the cytochrome P450 system, are concerning [42] ; these interactions can reduce the preventive effects of warfarin, potentially resulting in a thromboembolic event and increasing the incidence of bleeding [43] [44] [45] . Of the potential life-threatening bleeding events, GI bleeding is the most common [46] . The interaction between statins that undergo P450-related metabolism and warfarin can reportedly increase the risk of GI bleeding [17] ; this has been reported for atorvastatin, which is an inhibitor of CYP3A4 [17] . However, this result is controversial; compared with the other statins in the current study, atorvastatin was not associated with an increased incidence of GI bleeding.
The risk of GI bleeding was the lowest in the present study with pravastatin, which supports the findings of a previous study [17] . The first possible explanation is the effect of lower cholesterol levels, as already described. Of the 4 statins, pravastatin decreased the mean cholesterol levels the least during the observational period. Second, it is not likely that a drug interaction influenced the incidence of GI bleeding. A relationship between the cytochrome P450 system and pravastatin is not supported by the evidence [47] .
Regarding the use of EHR data for analyses, secondary use or re-use of clinical data has been increasingly adopted with the growing availability of EHR. However, elaborate processing is required and is a major barrier to extracting clinical knowledge from the EHR because the primary intended purpose of EHRs is not clinical research. Detailed operational definitions, such as that for continuous administration in the present study, for fitting EHR data into an epidemiologic study design is a key process. In addition, selection of the proper epidemiologic design for both the aim of the study and the given dataset can affect the final results. In this study, we used within-class comparisons because they are less prone to the selection bias inherent in observational studies using EHR data than are comparisons of different medication classes. The use of an EHR might enable more efficient retrospective research such as outcomes research, comparative effectiveness research, and drug surveillance.
There are several limitations in the current study. First, this study was retrospectively performed in one institute. Therefore, the results cannot be easily generalized because warfarin control might differ among institutes and clinical settings. In our hospital, anticoagulant clinics have not been much used for control purposes. The proportion of time within the target INR range was relatively low compared with that in previous randomized control trials for anticoagulation. Second, the purpose of our study was to evaluate the effect of statins in patients taking warfarin; therefore, there might be some statistical error for the general risk factors for GI bleeding. However, we tried to avoid this by including patients who had been using warfarin for a long period. Third, we used hospital data over a period of 17 years. During that time, new drugs were developed, guidelines for statin or warfarin indications were updated, and GI prophylactic drugs were introduced, which could have affected our results. Therefore, we tried to adjust for a number of confounding factors in the analyses. Last, the Cox proportional hazard regression analyses were not adjusted for the use of GI prophylaxis drugs due to the multicollinearity between the use of these drugs and peptic ulcer disease, which is an element in the CCI calculation. If highly correlated variables are included in the regression model, the estimated coefficient could be biased. Therefore, we excluded the use of GI prophylaxis drugs because we used the CCI in the Cox model.
Conclusions
Rosuvastatin increased the incidence of GI bleeding in patients taking warfarin over a lengthy observation period. In contrast, the relationship between pravastatin and GI bleeding was the weakest in patients taking warfarin. A prospective observational study is necessary to confirm our results.
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